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ABSTRACT The increasing number of DNA polymor-
phisms characterized in humans will soon allow the construc-
tion of fine genetic maps of human chromosomes. This ad-
vance calls for a reexamination of current methodologies for
linkage analysis by the family method. We have investigated
the relative efficiency of two-point and three-point linkage
tests for the detection of linkage and the estimation of recombi-
nation in a variety of situations. This led us to develop the
computer program LINKAGE to perform multilocus linkage
analysis. The investigation also enables us to propose a method
of location scores for the efficient detection of linkage between
a disease locus, or a new genetic marker, and a linkage group
previously established from a reference panel of families. The
method is illustrated by an application to simulated pedigree
data in a situation akin to Duchenne muscular dystrophy.
These results show that considerable economy and efficiency
can be brought to the mapping endeavor by resorting to ap-
propriate strategies of detecting linkage and by constructing
the human genetic map on a common reference panel of fam-
lies.

Various methods are available for investigating relationships
between genetic loci in humans (1). On one hand, methods
such as somatic cell hybrids provide physical assignments of
loci on human chromosomes, contributing directly to the
physical map. On the other hand, linkage analysis by the
family method leads to the construction of a genetic map,
where the distances between loci depend on both the extent
of physical separation and the rate of occurrence of crossing-
over. The latter approach allows the detection of linkage and
the estimation of recombination rates and, thus, yields esti-
mates of genetic parameters relevant for investigations of
modes of inheritance, resolution of etiological heterogene-
ity, calculation of genetic risks, and genetic mapping.

Just as molecular hybridization has given a new power to
methods for physical assignments (1), the new wealth of
DNA polymorphisms (2, 3) will elicit the development of
new strategies for linkage analysis by family methods. When
only about 30 genetic markers were available at arbitrary lo-
cations, affording a very partial coverage of the human
genome, a natural approach for the detection of linkage be-
tween a disease locus and a battery of markers consisted in
the pairwise analysis of the disease phenotype and each
marker in turn. Two-locus linkage analysis by the now clas-
sical method of lod-scores (4) or related techniques was orig-
inally restricted to simple Mendelian traits and nuclear fam-
ilies; later it was extended to complex phenotypes and
general pedigrees through the development of appropriate al-
gorithms and computer programs (5-7).

More than 200 DNA polymorphisms have been defined in
recent years (8), and there is no doubt that the number re-
quired to span the human genome (2, 9) will be reached soon.
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This inevitably raises questions regarding the relative merits
of two-point and multipoint linkage analysis. Although the
advantages of multipoint tests, as opposed to pairwise tests,
seems generally intuitive (10), a systematic investigation is
necessary before new approaches can be proposed.

Need for a multilocus analysis is evident for the calcula-
tion of genetic risks when several linked markers are avail-
able; otherwise there would be no general way of combining
pedigree calculations involving each marker singly. For de-
tection of linkage, estimation of recombination, and con-
struction of genetic maps, the merit of multipoint tests has
yet to be established. Although Meyers et al. (11) considered
three-point tests in restricted situations, most procedures for
estimation of recombination and genetic mapping in humans
have been based on the assumption that results from inde-
pendent two-point linkage tests are combined (12-14).

The determination of a genetic map from results of linkage
analyses requires assumptions about the mathematical rela-
tionships between map distance, expressed in units of cross-
ing-over, or morgans, and recombination frequency, thus de-
fining a mapping function. This relation is complex because
recombination results from an odd number of points of ex-
change between loci, and evidence points to their noninde-
pendence—i.e., interference in crossing-over (15). Various
mapping functions have been proposed embodying specific
assumptions regarding interference (15). Statistical methods
have been proposed that assume a mapping function or a
specific process of chiasma formation (12-14) or that infer a
genetic map solely from the rank-order constraints implied
by pairwise recombination estimates (16).

As the genetic map is developed, it is likely to have an
impact on strategies used to assign a new genetic marker or
disease locus to a preexisting map; increased efficiency can
be achieved by the use of previously estimated recombina-
tion rates between markers in multipoint tests. An advantage
of this approach can be seen by noting that the probability a
family is informative for linkage at one or more locus in-
creases with the number of loci studied, and that each infor-
mative locus may provide information on the location of the
new marker or disease relative to the existing map.

In this paper, we examine the relative efficiency of two-
point and three-point linkage tests under various conditions.
We then consider the relevance of multilocus analysis for the
construction of genetic maps and propose a strategy for the
detection of linkage and the addition of a new locus to a
known genetic map. The computer program package LINK-
AGE has been developed for this investigation and is avail-
able from the authors on request.

METHODS

Three-Point Linkage. Suppose that data are available for
three linked loci A, B, and C in the same families, and denote
the three recombination rates as 6,5, 64¢, and 6pc. The clas-
sical approach consists in analyzing each pairwise combina-
tion of loci by computing a lod-score (i.e., the decimal loga-
rithm of the odds for various values of recombination against
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no linkage) and taking as the estimate of recombination that
value for which the lod-score is maximum. The gene order
may be inferred by inspection of the estimated recombina-
tion rates. However, this approach provides no means of as-

sessing evidence for alternate orders and may not use the

data fully efficiently.

An alternative consists in analyzing the three loci jointly;
several strategies then can be entertained. No assumptions
on gene order and interference are needed if one defines and
estimates the probabilities of the following recombination
events (15): (i) recombination between both AB and BC; (ii)
recombination between AB and no recombination between
BC:; (iii) no recombination between AB and recombination
between BC. Denoting these three probabilities p;, p;, and
D3, respectively, we have the simple relationships: 6,5 = p;
+ pa, 6gc = p1 + p3 and O4¢ = p, + p;. The estimates yield
directly the most likely gene order.

If a specific mapping function is assumed, only two re-
combination rates need be estimated; the recombination be-
tween flanking markers can be expressed in terms of the
rates within each contiguous segment and an interference pa-
rameter specified by the mapping function. However, in sit-
uations prevailing in humans, little information may be avail-
able to detect interference. For instance, with interference at
the Kosambi level (17) (i.e., intermediate between complete
and no interference) and recombination of 15-20% between
adjacent loci, over 850 offspring observations are required in
a phase-known triple backcross to obtain a power of 0.80 in
order to detect interference; more than 4100 offspring in
families with two children are needed when the phase is un-
known. For smaller recombination rates, even larger sam-
ples are required (unpublished data). It follows that the
choice of a mapping function may not be critical for data
from humans; therefore, one may assume any meaningful
function. For instance, we may suppose that there is no in-
terference—i.e., that recombination events are independent
in different segments of the chromosome. Linkage analysis
under this assumption requires consideration of all possible
gene orders, but within each, only the recombination rates in
the two contiguous segments need be estimated; thus, if the
given order is ABC, we have:

6ac=1— (1 — 648) (1 — Opc)

Another situation arises if we investigate linkage between
a certain locus and a pair of loci when recombination be-
tween the latter has been estimated from other evidence to a
reasonable degree of accuracy. This will be the case when a
disease locus or any other rare trait is analyzed with respect
to a preestablished linkage group. Under the assumption of
no interference or with the use of a specified mapping func-
tion, the problem reduces to the estimation of a single re-
combination parameter.

Relative Efficiency of Three-Point and Two-Point Linkage
Tests. The relative merits of two-point and three-point link-
age analyses can be investigated in terms of the statistical
efficiency of the estimates of recombination. Efficiency is
defined as the ratio of the variances of the two-point and
three-point recombination estimates for given loci and study
design. The estimate with the smaller variance is deemed
more efficient as it provides more precise knowledge of rela-
tive gene locations.

The relative efficiency depends on the recombination
rates, the mode of inheritance of the traits, and the type of
family data used. For simplicity, we will consider the mini-
mal situation where families consist of two parents and two
offspring in which phenotype information is available for the
three loci on all individuals. For a sufficiently large sample
of randomly chosen families, the variances of the maximum
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likelihood estimates of recombination can be obtained by us-
ing standard likelihood theory (18). Briefly, the expected
values of the second derivatives of the likelihood function
are calculated, and the resulting information matrix is invert-
ed to yield the variance-covariance matrix of the estimates.
Fig. 1 documents results for various modes of inheritance
at a central locus, B, and two codominant flanking loci, A
and C, under two conditions: 8,5 = 6gc = 0.1 and 6,45 = 0.1,
0sc = 0.05. The efficiency of two-point linkage analysis is
given relative to three possible strategies of multilocus anal-
ysis: (/) when no assumptions are made regarding recombi-
nation and interference; (ii) when the recombination be-
tween flanking loci is known; and (iii) the previous situation
under the additional assumption of no interference. The rela-
tive efficiencies are similar for the dominant, codominant,
and recessive situations considered but vary with the recom-
bination rates and the strategy selected. The gain in informa-
tion is most substantial when the recombination rate be-
tween the flanking markers has been previously established
and no interference is assumed: the efficiency of the three-
point estimate relative to the two-point estimate may be in-
creased as much as 4-fold. We verified that further increase
in efficiency can be achieved by selecting families on the
basis of parental mating types (unpublished data). Selection
of families to be informative at two test loci may be a partic-
ularly effective strategy as shown in the example below.
Adding a Locus to a Genetic Map. Our results indicate that
multilocus analysis can substantially improve the efficiency
of linkage analysis and, hence, the accuracy of the inferred
genetic map. For genetic diseases and other rare traits, these
considerations have important implications for mapping
strategies. An effective approach would consist in first es-
tablishing ifi¢ genetic map of the test markers to sufficient
accuracy on a panel of control families. Since the data for the
disease locus will generally be much more limited than for
the test markers, we may assume that the genetic map of the
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Fic. 1. Relative efficiency of two-point vs. three-point linkage
tests for families with both parents and two children studied. Three
modes of inheritance are considered for the central locus (B): reces-
sive, codominant, and dominant. For recessive and dominant traits,
the population prevalence of affected individuals is assumed to be
0.0001, and families are selected to include at least one affected off-
spring. For the codominant case, gene frequencies are taken to be
0.5. Two diallelic flanking loci (A and C) are assumed, with gene
frequencies of 0.5. Recombination values are: 64,5 = 65¢c = 0.1
(white histogram); 6,5 = 0.1, 8z = 0.05 (shaded histogram). Effi-
ciencies are reported for 6,5 in both instances for the three strate-
gies: joint estimation of three recombination rates (histograms 1);
0.4c known (histograms 2); 6,4 known and assuming no interference
(histograms 3).-
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latter is known exactly. The joint segregation at the disease
and at test loci can then be expressed in terms of a single
parameter: the location of the disease locus relative to the
genetic map of the selected test markers. The same strategy
would seem appropriate for the detection of linkage between
a new marker locus and a linkage group previously estab-
lished on the panel of control families.

This approach has several advantages: multilocus analysis
is the only way of accounting for the nonindependence of the
recombination estimates; it affords increased precision of
the estimated location of a new locus on the genetic map;
and, under the assumption of no interference, it also reduces
the problem of estimating multiple parameters to that of esti-
mating a single parameter. In the following example, a con-
venient graphical method of location scores with some anal-
ogy to the classical lod-score curve is proposed. This method
allows an easy combination of results from different studies.

EXAMPLE

The following example will illustrate the method of location
scores. Data were simulated for a situation akin to Duchenne
muscular dystrophy. We consider two diallelic loci, A and C,
on either side of the Duchenne Locus, D, with gene frequen-
cies of the rarer allele of 0.13 and 0.32, respectively, each
recombining with Duchenne at the rate of 0.17 (19, 20). For
greater generality, we have assumed a third diallelic locus,
B, located between loci D and C, with a frequency of 0.20 for
the rarer allele and a recombination rate of 0.10 with the Du-
chenne locus. Thus, the order of the loci is A-D-B-C. Param-
eters at the Duchenne locus were assigned in accordance
with reported figures (21): mutation rate of 0.0001, gene fre-
quency of 0.0003, and logarithm of creatine kinase of 1.57 *
0.24 and 2.10 = 0.41 in normal and carrier women. The fixed
family structure of Fig. 2 has been assumed; because individ-
ual 4 has an affected son and an affected brother, she is an
obligate carrier. Random assignments of alleles and of cre-
atine kinase values for the females of the bottom generation
were made in accordance with these figures and Mendelian
segregation, assuming linkage equilibrium. Two series of 10
pedigrees were selected according to one of two criteria: the
obligate carrier is heterozygote for at least one or at least two
of the three test markers.

Without interference, recombination between contiguous
segments such as A-B and B-C satisfies the equation 8,c =
04p°(1 — 0gc) + (1 — 04p):0pc. The relationships between
genetic distance, d, and recombination, 6, are given by Hal-
dane’s mapping function d = —[In(1 — 26)]/2 and its inverse
0 = [1 — exp (—2d)]/2 (22). Thus, the recombination rates
we have assumed, 8,p = 0pc = 0.17 and 6pp = 0.10, lead to
04 = 0.24, 04¢c = 0.31, and ¢ = 0.09. The genetic dis-
tances between loci can be expressed in terms of map loca-
tion, w. With locus A chosen as the origin (i.e., wy = 0.0) the
application of Haldane’s function to the assumed recombina-

n 12

FiG. 2. Pedigree structure used for the simulation of Duchenne
muscular dystrophy and three marker loci. Creatine kinase measure-
ments were simulated for females in the last generation. Affected
males are denoted by shaded squares.
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tion rates leads to the following map locations: wp = 0.21,
wg = 0.32, and we = 0.42. Since genetic distances are addi-
tive over contiguous segments, dysc = dap + dpp + dpc =
0.21 + 0.11 + 0.10 = 0.42.

For each set of data, the genetic locations of loci A, B, and
C have been kept fixed to their true values, while varying the
genetic location of locus D around its true value over a range
large enough to encompass free recombination on either side
of the cluster A, B, and C. For each new value of wp, the
likelihood for wp was found with the program LINKAGE by
computing the probability of the joint segregation at the four
loci in these pedigrees as a function of wp. In Fig. 3 we re-
port twice the natural logarithm of the odds, the location
score l(wp), for any wp against a value large enough to imply
no linkage. Note that while I[(wp) is a function of a parameter
of genetic location rather than recombination, a lod-score
scale can be obtained by dividing /(wp) by 2 In(10) = 4.6.

Support for linkage of Duchenne with the cluster A, B, and
C can be assessed by comparing the maximum value of I(wp)
to a x° variate with one degree of freedom. This test is highly
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Fi1G. 3. Likelihood of the map location of a simulated disease
locus (D) with respect to three linked loci (A, B, and C) for 10 repli-
cates of the pedigree in Fig. 2. Data selected so that individual 4 of
Fig. 2 is heterozygote for at least one test marker (Fig. 34) or at least
two test markers (Fig. 3B). Horizontal axis, genetic distance w from
locus A; right vertical axis, odds ratio for location of locus D at wy
vs. D at infinite distance (implying no linkage); left vertical axis,
location score /(wp) defined as twice the natural logarithm of the
odds ratio; ———, lower limits for locations with odds < 20:1 relative
to the overall maximum. :
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significant in both cases, yielding 14.4 and 18.1 for the selec-
tion on one and two informative loci. The corresponding val-
ues on a lod-score scale are 3.1 and 3.9. By contrast, for the
selection on one locus, the pairwise maximum lod-score are
0.6, 1.8, and 1.0 for the pairs (4, D), (B, D), and (C, D), none
of which reaches the value of 3.0 often used, somewhat arbi-
trarily, as the critical level for significant evidence of link-
age. The pairwise maxima occur at different points of the
genetic map. Pairwise lod-score curves cannot be summed to
produce an overall test because they are nonindependent.
For both sets of data, the highest mode of /(wp) occurs be-

tween loci A and B, with (wp) = 14.4 at wp = 0.24 in Fig. 34

and [(wp) = 18.1 at wp = 0.15 in Fig. 3B. This corresponds to
maximum likelihood estimates for 6,p of 0.19 and 0.13, re-
spectively, close to the true value of 0.17.

In both cases, I(wp) is clearly multimodal, as values of wp
become extremely unlikely whenever they bring the Du-
chenne locus close to a test locus for which affected males
give evidence of recombination; this is so for loci A and C in
Fig. 3A and for loci B and C in Fig. 3B. Antimodes are not
observed for locus B in Fig. 3A and for locus A in Fig. 3B;
this is because there is no apparent recombination between
these loci in affected males. Unless the disease locus is com-
pletely linked to a test locus, antimodes will occur at the
location of any test locus in large data sets, with true discon-
tinuities in the likelihood function whenever the loci consid-
ered are fully penetrant without mutation. With such discon-
tinuities or near discontinuities, a solution to the mapping
problem by maximum likelihood methods raises complex
statistical and numerical issues.

Because of the shape of the likelihood function, it would
be misleading to associate confidence intervals to the stan-
dard errors of such estimates since these only reflect the cur-
vature of /(wp) in the immediate neighborhood of a local
- maximum. This difficulty is not particular to the approach
discussed here; it appears to be inherent to the mapping
problem when using parametric statistical methods. Never-
theless, one can tentatively assess support in favor of vari-
ous gene orders by comparing the several maxima of /(wp).
In Fig. 3A, the relative odds of orders A-D-B-C, A-B-C-D,
and D-A-B-C are 35:13:1. Fig. 3B illustrates the increased
information on order provided by selecting families informa-
tive for at least two marker loci. In this case, the relative
odds of orders A-D-B-C, A-B-C-D, and A-B-D-C are
51,534:403:1.

DISCUSSION

An efficient strategy is now emerging for the characteriza-
tion of new DNA polymorphisms. This starts with the inves-
tigation of chromosome-specific libraries and the determina-
tion of the physical location of potentially useful probes by
hybridization experiments against a panel of cell lines with
chromosome rearrangements or related techniques. When
the relative location of a probe with regards to previously
mapped genetic markers appears likely to provide evidence
of linkage, polymorphisms may be sought by restriction di-
gests of DNA from parents or other founding members of a
reference panel of families. When a new polymorphism is
revealed that seems of value for genetic analysis, its pattern
of inheritance can be confirmed by study of the offspring in
informative families. Linkage can rapidly and efficiently be
detected by the method of location scores. Recombination
rates can be reestimated from this panel through multipoint
tests in regions where significant new observations have
been obtained.

The advantage of assembling an appropriate reference
panel of families on which the detection of polymorphisms
and the formal genetic analysis would be carried out seems
overwhelming. The linkage relationships between a marker
and a genetic map can be established by analysis of this pan-
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el. When family data are later submitted to linkage analysis,
the previously established genetic map may be put to effec-
tive use by the joint analysis of the disease phenotype and a
battery of linked markers. This is most appropriate when
other evidence has led to the assignment of a locus to a given
chromosome or chromosome segment. But it also will bring
some order to the “shotgun” approach to linkage analysis by
allowing the selection of markers to characterize a linkage
group and, thereafter, scanning each linkage group in turn by
the method of location scores. Combined with an orderly
selection of genetic markers within and among linkage
groups at different stages of the investigation, it will consid-
erably reduce the number of tests required to detect linkage.

The endeavor of mapping the human genome naturally
lends itself to a cooperative effort among investigators. A
preliminary step in this direction has been taken with cre-
ation of the Human Polymorphism Study Center (CEPH, J.
Dausset director, Hopital St Louis, Paris). The goal of this
association is to make freely available to the scientific com-
munity samples of DNA extracted from controlled, perenni-
al cell lines from a reference panel of families. This associa-
tion also will maintain and update a data base of the results
obtained on this panel, thereby providing ready access for all
researchers to current knowledge on genetic markers and the
status of the genetic map.
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